ABSTRACT: After slaughter of pigs, the pH of the meat decreases due to lactate accumulation within the tissue. In addition to calcium homeostasis, energy metabolism plays a key role during the muscle-to-meat transition, and it is interesting to know how specific enzymes of the glycolytic and oxidative pathways change during this process, especially in relation to the antemortem situation, and if there is an impact of these alterations on the meat quality characteristics. Therefore, in the present study samples of the LM from the pig genetic groups Pietrain (Pi), Duroc (Du), and a Du × Pi crossbreed population (DuPi) were collected 24 h before as well as 1 min, 40 min, and 12 h after slaughter, and the activities of the glycogen phosphorylase (GP), phosphofructokinase (PFK), lactate dehydrogenase (LDH), citrate synthase (CS), NADH-ubiquinone oxidoreductase (complex I), and cytochrome oxidase were analyzed. Additional investigations include carcass and meat quality characteristics as well as the microstructure of the LM. The Pi breed had greater (P < 0.05) carcass yield and lean meat values, but no differences (P > 0.05) of the meat quality traits could be determined between the investigated pig breeds. The Pi pigs exhibited a greater (P < 0.05) percentage of fast-twitch glycolytic and had smaller amounts (P < 0.05) of slow-twitch-oxidative fibers in comparison with the Du pigs. The enzyme activities of the GP, PFK, and complex I increased (P < 0.05) immediately after slaughter (1 min postmortem) of the pigs and the activity of the LDH within 40 min postmortem. After 12 h, the GP, PFK, LDH, and complex I activities decreased to the amount of the preslaughter sample. No differences could be found with regard to the enzyme activities of the CS and cytochrome oxidase at all determination times. Considering the enzyme activities within the different breeds, the Pi pigs exhibited greater (P < 0.05) GP and PFK and the Du animals exhibited greater (P < 0.05) CS and complex I activities. The study indicates that the glycolytic enzymes GP, PFK, and LDH as well as the complex I influence the muscle-to-meat transition process after slaughter of the animals without an impact on the muscle quality. The activities of the GP, PFK, CS, and complex I reflect the differences of the muscle fiber composition between the Pi and Du pigs.
INTRODUCTION
After slaughter, glycogen is metabolized within glycolysis to lactate accompanied with reduction of the pH value (Binke, 2004) . Acidification of the tissue results in shrinkage and denaturation of the proteins and in decrease of the water-holding capacity (WHC; Joo et al., 1999) . In pork the extent of pH reduction varies, ranging between DFD and PSE meat. Pork that is DFD has an increased final pH and WHC and is more sensitive to spoilage, whereas PSE meat has a rapid pH reduction and less WHC accompanied with an increased purge of liquid from the tissue (Scheffler and Gerrard, 2007) . The tendency to produce PSE pork has been associated with a mutation within the gene of the ryanodine receptor (RyR) accompanied with an inadequate regulation of the sarcoplasmic Ca 2+ concentration (Fujii et al., 1991) . However, the genetic predisposition cannot be considered as the determining factor alone because PSE pork is also observed within genetic groups free Changes of the activities of glycolytic and oxidative enzymes before and after slaughter in the longissimus muscle of Pietrain and Duroc pigs and a Duroc-Pietrain crossbreed of the RyR mutation (Franck et al., 2007) . In addition to calcium metabolism, the pH reduction postmortem is also related to the energy metabolism, whereas an aberrant glycolysis might lead to PSE pork (Scheffler and Gerrard, 2007) . In different studies, glycolytic enzyme activities in PSE and normal pork were compared showing impacts or no influences of accelerated pH reduction depending on the enzyme investigated (Ono et al., 1977; Schwaegele et al., 1996a,b; Allison et al., 2003; Scheffler and Gerrard, 2007) . We hypothesized that the development of the enzyme activities before and after slaughter and also enzymes of the oxidative energy metabolism influence meat development. Therefore, the aim of the present study was to provide an insight into the development of activities of enzymes of the aerobic and anaerobic metabolism before and after slaughter considering pig breeds with different carcass and muscle/meat properties.
MATERIALS AND METHODS
The experiments were conducted following the German and European animal welfare regulations for animal husbandry, transport, and slaughter. For the collection of muscle biopsies as an approvable animal experiment, an official permission from the responsible authorities for animal welfare was received.
Animal Husbandry, Slaughter, and Sample Collection
Thirty-two pigs [malignant hyperthermia syndrome (MHS) homozygous negative; 50% sows and castrates], each of the pig breeds, Duroc (Du), Pietrain (Pi), and the F 2 Duroc-Pietrain resource population of the University of Bonn (DuPi), were fattened at the Lehr-und Forschungsstation Frankenforst, a department of the University of Bonn, up to a final BW of approximately 105 kg under similar husbandry and feeding conditions. During the fattening period, all pigs received a diet consisting of 13.4 MJ of ME/kg, 16% CP, 0.75% calcium, and 0.55% phosphorus. Every 3 to 4 wk, 4 d before slaughter, at least 4 animals were transported to the Department of Animal Science in Goettingen and kept there in an experimental stable until slaughter.
Twenty-four hours before slaughter, a biopsy was removed from the LM between the 13/14th thoracic vertebras (Th). The procedure was carried out with a shot biopsy apparatus, a captive bolt pistol equipped with a specific cannula (Wegner and Ender, 1990) . The collected muscle samples were frozen in liquid nitrogen and stored at −70°C until analysis of enzyme activities. The next day the pigs were slaughtered in the experimental abattoir of the Department of Animal Science. Directly after stunning (250 V, 1.3 A, 6 s), a second biopsy was collected from the LM between the 13/14th Th and stored as described above. After exsanguination, the carcasses were scalded at 62°C for 3 min, and a further LM sample was removed for the histological investigation. For the latter analysis, blocks (1 × 1 × 1 cm) were cut and quickly frozen in liquid nitrogen. The carcasses were eviscerated within 30 min and 60 min after stunning transferred to a chilling room and stored at 4°C. Forty minutes and 12 h after slaughter, further muscle samples were removed from the LM between the 13/14th Th for analysis of the enzyme activities.
Carcass and Meat Quality Traits
After slaughter, the hot carcasses were weighed and the carcass yield calculated. The lean meat percentages were determined between the 13/14th Th with a Fat-O-Meater (SFK, Herlev, Denmark). The pH (pH Star, Matthäus GmbH, Poettmes, Germany) of the LM were determined 1 min (13/14th Th,), 45 min (13/14th Th), and 24 h (14/15th Th) and electrical conductivity (EC; LF Star, Matthäus GmbH) 45 min (13/14th Th) and 24 h (14/15th Th) after stunning.
Twenty-four hours after slaughter a slice of the LM (2.5 cm) was excised at the 10/11th Th. After trimming of the adjacent tissue and blooming for 20 min, the lightness (L*), redness (a*), and yellowness (b*) values of the muscle samples were determined with a chromameter (CR 300, Konica-Minolta GmbH, Langenhagen, Germany). Before the measurements, the apparatus was calibrated with a white plate (KonicaMinolta; L* = 97.18, a* = 0.06, b* = 2.00). Each value was an average of at least 4 measurements. After color determination, the meat pieces (2.5 cm, Ø 149 ± 22 g) were weighed and placed in a container equipped with a lid. After storage for a further 48 h at 4°C, the sample was reweighed and the drip loss was calculated as the weight loss percentage (Bertram et al., 2004) .
Histological Analysis
The histological analysis included 20 animals per genetic group. The cryopreserved muscle samples were transferred to cryomicrotome (Cryocut CM 1900, Leica GmbH, Nussloch, Germany) and allowed to equilibrate to −20°C before being cut into slices of 12-μm thickness. The sections were stained, according to Horak (1983) , with slight modifications. First the NADH-tetrazolium reductase activity was determined histochemically by incubating the slices for 60 min at 37°C in buffer A (25 mM NaH 2 PO 4 , 2 mM NADH, 333 μg/mL of Nitro-bluetetrazolium-chloride). This staining was followed by the histochemical determination of the myofibrillar ATPase activity. After acid preincubation (pH 4.2), the slices were incubated in ATP solution (2.7 mM ATP, 50 mM KCl, 18 mM CaCl 2 , 0.1 M glycine, pH 9.4) at 37°C for 20 min. The catalytically released phosphate ions reacted in several steps with CaCl 2 , Co 3 (PO 4 ) 2 , and NH 4 S. In the terminal step insoluble, black-colored CoS 2 precipitates were formed. Between the different procedures the slices were intensively washed with distilled water. The slices were investigated with a stereo microscope (Nikon GmbH, Duesseldorf, Germany) at a low mag-nification (4×), and several sections were transferred through a digital camera to a personal computer. For calculating the percentage of the slow-twitch-oxidative (STO), fast-twitch-oxidative (FTO), and fast-twitchglycolytic (FTG) fibers, 3 sections were analyzed by relating the number of counted fibers of each type to the total counted fiber number. For the determination of the cross-sectional areas (CSA) at least 200 muscle fibers were circumscribed and semi-automatically analyzed using Lucia software (Nikon).
Analysis of Activities of Metabolic Enzymes
For the determination of the enzyme activities the frozen muscle samples were diluted 1:10 in a modified Chappell-Perry-buffer (0.1 M KCl, 0.05 M Tris, 0.01 M MgCl 2 , 1.0 mM EGTA) and homogenized for 5 min at 1.200 rounds/min using a Potter-S-homogenizer (B. Braun Biotech International, Melsungen, Germany). After determination of the protein concentration of the homogenate (Bradford, 1976 ) the activities of the enzymes glycogen phosphorylase (GP), phosphofructokinase (PFK), lactate dehydrogenase (LDH), citrate synthase (CS), NADH-ubiquinone oxidoreductase (complex I), and cytochrome oxidase (COX) were analyzed photometrically at an incubation temperature of 30°C and a pH of 7.4 unless otherwise indicated. The protein concentrations within the enzyme tests were 3.3 mg/mL for the GP, CS, complex I, and COX; 0.5 mg/mL for the PFK; and 5.0 μg/mL for the LDH. In the samples collected 12 h postmortem, the protein concentrations for the analysis of the complex I were increased to 10 mg/mL and for the PFK to 3.3 mg/mL. To prevent storage-related effects, the homogenate was kept between the investigations on ice and the activity determinations were finished within 2 h after initial dilution of the frozen muscle samples. The enzyme activity analyses were performed at least in duplicate.
The GP activity was determined using a modification of the coupled enzyme assay by Schwaegele et al. (1996b) . Within the test, GP catalyzed the degradation of glycogen (2 mg/mL) to glucose-1-phosphate followed by the isomerization to glucose-6-phosphate (G-6-P) by the phosphoglucomutase (5 U/mL). The GP activity was finally determined by after the reduction of NADP + (1.6 mM) to NADPH at 340 nm and a pH of 6.8 within the G-6-P dehydrogenase (5 U/mL) catalyzed oxidation of G-6-P to 6-phosphogluconolacton.
Activity of the PFK was determined using a modification of the coupled enzyme assay described by Allison et al. (2003) . The PFK catalyzes the phosphorylation of fructose-6-phosphate (6.0 mM) to fructose 1,6-bisphosphate, which is split to glyceraldehyde-3-phosphate and dihydroxyacetonephosphate (DHAP) by the aldolase (1.2 U/mL). The PFK activity was finally determined by following the oxidation of NADH (1.6 mM) to NAD + at 340 nm and a pH of 8.0 within the glycerol-3-phosphate dehydrogenase (10 U/mL)/ triosephosphate isomerase (100 U/mL) catalyzed reduction of DHAP to glycerol-3-phosphate. The LDH was determined with modifications according to Jurie et al. (2006) by following the oxidation of NADH (150 μM) to NAD + at 340 nm within the LDH-catalyzed reduction of pyruvate (1.2 mM) to lactate.
With regard to the activities of the enzymes of the oxidative energy metabolism, the CS was analyzed with modifications according to Faloona and Srere (1969) . Citrate synthase catalyzes the reaction of acetyl-CoA (0.1 mM) and oxalacetate (0.5 mM) to citrate, thereby liberating CoA. Activity of CS was determined by following the irreversible reaction of CoA with 5,5′-Dithiobis (2-nitrobenzoic acid; 0.1 mM) to thionitrobenzoic acid at 412 nm after addition of the detergent Triton X-100 (0.1%).
The complex I activity was determined by following the oxidation of NADH (0.2 mM) to NAD + at 340 nm before and after addition of the complex I inhibitor rotenone (10 μM). This reaction is accompanied with the reduction of ubiquinone (0.12 mM) to dihydroubiquinone. To inhibit further steps of the electron transport chain, the complex III inhibitor antimycin A (1.0 μM) and cytochrome oxidase inhibitor potassium cyanide (1 mM) were added to the incubation solution (Hatefi and Stiggall, 1978) .
The COX activity was determined with modifications according to Gudat et al. (1973) following the oxidation of reduced cytochrome c to the oxidized form at 550 nm and a pH of 7.0. For the production of reduced cytochrome c, 1 mL of KH 2 PO 4 (20 mM, pH 7.4) substituted with cytochrome c (21 mg/mL) and ascorbate (10 mg/ mL) was incubated for 10 min on ice and transferred to a Sephadex G25 column (HiTrap-Desalting column, GE Healthcare Life Science, Munich, Germany). After addition of 1.5 mL of KH 2 PO 4 (20 mM, pH 7.4), the first 0.5 mL of the eluate were discarded, whereas the following 1 mL were used for the COX analysis. Sufficient amounts of reduced cytochrome c were produced before the analysis was started, tested on cytochrome c content with purchased COX and stored in aliquots at −20°C until use.
All chemicals were purchased from Sigma-Aldrich GmbH, Taufkirchen, Germany, unless otherwise indicated.
Statistical Analysis
The data were analyzed with the software Statistica 7.1 (StatSoft, Hamburg, Germany). After the analysis of the distribution of the data using the KolmogorovSmirnov-test, for further analysis statistical tests for parametrical (GLM) or nonparametrical data (MannWhitney U-test) were used. The b* values and the activities of the GP and PFK at all collection times were nonparametrical and were therefore analyzed using the Mann-Whitney U-test. The statistical model included the fixed variables breed and sex as well as the random variables carcass weight and slaughter date, whereas the values were analyzed with regard to the breed of the pigs considering P < 0.05.
Sex, carcass weight, and slaughter date were included into covariate analysis. The covariates had mostly no influence on the analysis with some exceptions. The sex has an impact on the lean meat percentage, pH 45 min postmortem, and COX activity 24 h before slaughter. The slaughter weight influences the slaughter yield as well as the GP and PFK activities 24 h before slaughter. The slaughter date has an impact on the pH 1 min postmortem; the EC 24 h postmortem; GP, PFK, and COX activities 24 h before slaughter; the LDH and complex I activities 1 min postmortem; and the CS and COX activities 40 min postmortem. Differences between the enzyme activities at the 4 collection times (−24 h, 1 min, 40 min, 12 h) were analyzed with the t-test of independent measures considering P < 0.05.
RESULTS

Carcass and Meat Quality Traits
The 3 pig genetic groups had comparable carcass weights between 82.2 kg (DuPi) and 83.9 kg (Pi), but the carcass yields and lean meat percentages differed (P < 0.05). The Pi pigs had the greatest carcass yields (77.9%) differing (P < 0.05) from those of the Du animals (76.1%). The carcass yields of the DuPi were in between (76.6%), not differing from the other breeds. The lean meat percentages of the pig breeds differed significantly (P < 0.05). The Pi pigs had the greatest values (61.1%) followed by Du and DuPi (59.4 and 57.9%, respectively; Table 1 ).
With regard to the meat quality characteristics of the LM (Table 2) , the pH values 1 min [mean value (Ø) 6.4] and 45 min postmortem (Ø 6.2) were comparable (P > 0.05) in all breeds. Only 24 h postmortem, the pH value of the Du pigs (5.8) was greater (P < 0.05) than those of the DuPi (5.7), whereas the pH 24 h postmortem of the Pi was comparable with the other breeds. The EC values did not differ significantly (P > 0.05) in all genetic groups 45 min (Ø 5.4 mS/cm) and 24 h postmortem (Ø 6.3 mS/cm). Also, there were no differences between the 3 pig genetic groups that could be determined considering the color characteristics lightness (L*; Ø 47.9), redness (a*; Ø 8.1), and yellowness (b*; Ø −0.9) as well as the drip loss values (Ø 2.7%) of the LM.
Histological Characteristics
The muscle fiber composition of the Du pigs differed (P < 0.05) from the other genetic groups with a greater percentage of STO (17.3%) and decreased amounts of FTO (9.8%) and FTG (72.9%). The DuPi and Pi pigs had comparable percentages of fibers (STO: Ø 10.2%; FTO: Ø 12.8%; FTG: Ø 77.0%). The CSA of the STO and FTG fibers were comparable between the 3 pig genetic groups with values between 3,600 μm 2 (Pi) and 3,961 μm 2 (Du) for the oxidative and between 6,319 μm 2 (DuPi) and 6,632 μm 2 (Du) for the glycolytic fibers (Table 3 ). The FTO fibers of the Du pigs were larger (3,501 μm 2 ; P < 0.05) than those of the Pi ani- Within a row, means without a common superscript letter differ (P < 0.05). 2 ) and did not differ from the other genetic groups (Table 3) .
Activities of Metabolic Enzymes
The activities of the metabolic enzymes GP, PFK, and LDH of all pigs, depending on the collection time, are presented in Figure 1 . The GP activities increased (P < 0.05) from 20.6 U/g of protein (24 h antemortem) to 44.2 U/g of protein (1 min postmortem). Within 40 min the values declined (P < 0.05) to 17.9 U/g of protein and finally increased slightly (P < 0.05) to 19.8 U/g of protein (12 h postmortem). The PFK activity increased (P < 0.05) from 235.8 (24 h antemortem) to 606.4 U/g of protein (1 min postmortem), subsequently remaining on a comparable level 40 min postmortem (755.6 U/g of protein). Twelve hours after slaughter, the PFK activities decreased (P < 0.05) again (221.2 U/g of protein). With regard to the LDH, the activities of the enzyme were comparable (P > 0.05) with 24 antemortem (11.5 U/mg of protein), 1 min postmortem (11.1 U/mg of protein), and 12 h postmortem (11.9 U/mg of protein). A significant increase could only be determined within 40 min after slaughter to an enzyme activity of 15.1 U/mg of protein.
The activities of the oxidative enzymes CS, complex I, and COX of all pigs, depending on the collection time, are presented in Figure 2 . The enzyme activities of the CS were comparable between the different collection times with values between 40.2 U/g of protein (40 min postmortem) and 42.9 U/g of protein (1 min postmortem). The complex I activities increased (P < 0.05) from 8.1 U/g of protein before (24 h postmortem) to 13.3 U/g of protein immediately after slaughter (1 min postmortem) and decreased (P < 0.05) within 40 min after slaughter to 8.0 U/g of protein.
The complex I activity of the 12 h postmortem sample (7.4 U/g Different letters mark significant differences between the collection times (P < 0.05).
of protein) did not differ (P > 0.05) from the previous sample. The results of the COX showed that the enzyme activities 24 h antemortem, 1 min postmortem, and 40 min postmortem were comparable, ranging between 9.1 and 9.7 U/g of protein.
The finally collected muscle sample (12 h postmortem) had (P < 0.05) greater COX activities (10.5 U/g of protein) in comparison with the first (24 h antemortem) and third (40 min postmortem) collected muscle samples, but not with regard to the sample collected immediately after slaughter (1 min postmortem).
Comparing the enzyme activities of the 3 pig genetic groups at the different collection times, no significant differences (P > 0.05) could be determined for the LDH and the COX (data not shown). However, the other investigated enzymes showed some differences (P < 0.05) as shown in Figure 3 . Before (24 h antemortem) and shortly after slaughter (1 min postmortem), the GP activities of the Pi pigs were greater (P < 0.05), and 40 min postmortem and 12 h postmortem they were less than the results of the other genetic groups of pigs, with the exception of GP activities of the 24 h antemortem samples from the Du pigs that did not differ (P > 0.05) from the other breeds. The GP results of the DuPi and Du animals were always similar. With regard to the PFK, differences (P < 0.05) could only be found in the samples collected 1 min postmortem. The Pi pigs had greater PFK activities in comparison with the Du pigs, whereas the results of the DuPi animals were in between, not differing from the other breeds. The CS activities of the Du pigs were significantly greater (P < 0.05) at all collection times in comparison with the other genetic groups, with the exception of the 24 h antemortem samples of the Pi and the 12 h postmortem samples of the DuPi pigs. These samples showed CS activities not differing (P > 0.05) from the results of each of the other genetics. The enzyme activities of complex I were generally greater in the samples of the Du breed 24 h antemortem, 1 min postmortem, and 40 min postmortem, but not in the samples collected 12 h postmortem. Before slaughter, the activities of the Du differed (P < 0.05) from both other genetic groups, whereas shortly after slaughter only Du and Pi differed significantly (P < 0.05). The values of the DuPi were intermediate from the other genetic groups. In contrast, 40 min postmortem the results of the DuPi were less (P < 0.05), whereas the complex I activities of the Pi pigs were intermediate and did not differ (P > 0.05) from the other genetic groups.
DISCUSSION
In the present study, the enzymes of energy metabolism were determined in LM samples from 3 pig genetic groups collected at different times before and after slaughter to analyze the alterations of these enzymes during muscle-to-meat transition, especially in pig breeds with diverging muscularity and muscle structures. The greater carcass yields and lean meat percentages of the Pi pigs agree with Edwards et al. (2003) , which investigated Pi and Du crossbreeds. Kanis et al. (1990) , Affentranger et al. (1996) , Ellis et al. (1996) , and Garcia-Macias et al. (1996) also support the results of the present study showing greater lean meat contents in Pi crossbreeds. Different letters mark significant differences between the collection times (P < 0.05).
Metabolic enzyme activities in slaughter pigs
The comparable pH values of Du and Pi pigs in the present study agree with the results of Gil et al. (2008) and Alonso et al. (2009) and partly with those of Garcia-Macias et al. (1996) . The reports of GarciaMacias et al. (1996) and Gil et al. (2008) support the comparable EC and color results of the present study. Edwards et al. (2003) and Alonso et al. (2009) also presented comparable L* a* b* values in Du and Pi crossbreeds, and Gil et al. (2008) additionally showed that the drip loss values were not influenced by the Du and Pi proportion of the crossbreed. However, in contrast to the present results, Affentranger et al. (1996) and Edwards et al. (2003) showed that Pi crossbreeds had significantly decreased pH values 45 min postmortem and 24 h postmortem and significantly greater drip loss values.
The muscle fiber distribution of the different pig genetic groups, especially the percentage of FTG fibers, are in accordance with other publications (Larzul et al., 1997; Bee et al., 1999; Fiedler et al., 1999; Brocks et al., 2000; Fazarinc et al., 2002; Lefaucheur, 2010) . However, Chang et al. (2003) , Ryu and Kim (2005) , and Wimmers et al. (2008) found slightly greater and Gil et al. (2008) smaller amounts of FTG fibers in the LM. The significantly greater percentages of STO and smaller amount of FTG fibers in the Du pigs are supported by Chang et al. (2003) . It could be suggested that selection for lean growth during pig breeding generally resulted in a greater proportion of glycolytic fibers (Lefaucheur, 2010) . This assumption is supported by Fiedler et al. (1998) and Ruusunen and Puolanne (2004) who reported a greater percentage of FTG fibers in domestic pigs in comparison with wild pigs. Other studies with MHS homozygote-positive pigs also support this assumption because these animals exhibit greater lean meat content and have a greater percentage of FTG and smaller amount of STO fibers (De Smet et al., 1996; Fiedler et al., 1999) .
Considering the fiber CSA, the generally larger sizes of the FTG in comparison with the STO fibers in the present study were also reported in other publications (Larzul et al., 1997; Bee et al., 1999; Brocks et al., 2000; Fazarinc et al., 2002; Gil et al., 2008; Lefaucheur, 2010) . This is because during growth of the animals, the FTG fibers increase faster (Lefaucheur, 2010) . The significantly greater CSA of the FTO fibers and the tendency for greater CSA of the other fiber types in the Du breed is indirectly supported by Larzul et al. (1997) who showed that lean tissue growth rate is positively correlated with fiber CSA. However, Lefaucheur (2010) stated that the relationship between the lean meat content and CSA is contradictory in the literature. With Different letters mark significant differences between the genetics (P < 0.05).
regard to studies that investigated MHS heterozygotepositive pigs, a relation of greater lean meat content of these pigs with larger CSA was also demonstrated (Pedersen et al., 2001; Van den Maagdenberg et al., 2008) .
With regard to the enzyme activities of the GP, PFK, and LDH presented in this study, a comparison with already published results is quite difficult because comparable investigations, especially including preslaughter data, are not available. The increase of GP activity in the present study shortly after slaughter (1 min postmortem) is indirectly supported by the investigation of Petersen et al. (1997) and Fernandez et al. (2002) . These authors showed that the glycogen concentration of the LM was greater before slaughter than immediately before stunning. With regard to the presented decrease within 40 min postmortem, Fernandez et al. (2002) as well as Ono et al. (1977) and Shen et al. (2007) showed a decrease in GP activities in pigs after slaughter, but the latter 2 studies showed this to a lesser extent than the present investigation. However, Schwaegele et al. (1996b) found increased GP activity within 40 min after slaughter. The study of Yla-Ajos et al. (2007) supports the present GP results; these authors showed a decrease of the glycogen debranching enzyme activity after slaughter. The presented GP activity alterations around slaughter indicate that glycogen is first degraded very quickly and then more slowly. The latter assumption is indirectly supported by investigations of Petersen et al. (1997 ), Fernandez et al. (2002 , Copenhafer et al. (2006) , and Shen et al. (2007) that presented a slow decrease of the glycogen concentrations within the LM after slaughter. The increase of the PFK activity shortly after stunning is related to the increase of the GP activity. The GP-catalyzed glycogen degradation initiates the glycolysis, and the PFK is a key enzyme of this metabolic pathway. The persistence of greater PFK activity 40 min after slaughter is generally comprehensible because within 1 h after slaughter glycolysis is the main metabolic process within the muscle cells (Binke, 2004) . The study of Shen et al. (2007) , which showed that within 1 h after slaughter fructose-2,6-bisphosphate (F-2,6-P 2 ), an allosteric activator of the PFK, increased significantly, supports this assumption. The delayed increase of the LDH activity after slaughter is indirectly supported by the investigation of Fernandez et al. (2002) . The authors showed that 4 d before slaughter and immediately before stunning, comparable lactate concentrations were determined within the LM, whereas 40 min postmortem a clear increase was determined. The increase of the lactate concentration after slaughter was also presented by Scopes (1974) , Copenhafer et al. (2006) , and Shen et al. (2007) . After exsanguination of the pigs, the glycogen within the muscle tissue is initially metabolized by the aerobic metabolism followed by hypoxia and shift to anaerobic glycolysis. It could be suggested that the delayed increase of the LDH activity is due to the initial aerobic glycolysis (Binke, 2004) .
With regard to the activities of the aerobic metabolic enzymes CS, complex I and COX, a relation to other publications is not possible because no comparable reports are available. However, the previously discussed changes of the glycolytic enzymes GP, PFK, and LDH demonstrate that the energy metabolism is generally activated after slaughter. The increase of the complex I activity immediately after stunning supports this assumption and seems to be related to the residual oxygen concentration within the muscle tissue during and after exsanguination and the accompanied aerobic energy utilization (Binke, 2004) . The subsequent hypoxia would also explain the decrease of the complex I activity within 40 min after slaughter. The reaction catalyzed by complex I is considered the rate-limiting step for the mitochondrial respiratory chain and is therefore an important factor in the regulation of oxidative phosphorylation (Petrosillo et al., 2009 ). However, the nearly unchanged activities of the CS and COX are difficult to explain. It is well established that endurance training in human and rats causes an increase in the activity of oxidative enzymes, especially the CS, the key regulatory enzyme of the aerobic energy metabolism (Siu et al., 2003; Fernstrom et al., 2004) . With regard to acute exercise, which is comparable with the activation of muscle metabolism after slaughter, Pimenta et al. (2007) found in rats no changes of the CS activity immediately after exercise but after 1 h. These authors suggested that the increase depends on transcriptional regulation. However, one reason for the lack of an increase in CS activity in the present study might be that the metabolism shifts from aerobic to anaerobic metabolism after slaughter, so that transcriptional upregulation of the CS and of other aerobic enzymes is not necessary under these conditions. The effects of the pig genetic groups on the enzyme activity, especially the greater activities of glycolytic enzymes GP and PFK in the Pi pigs and the greater CS and complex I activities in the Du animals, seem to be related to the different muscle structure of these pigs. The LM of the Pi pigs has a greater percentage of FTG fibers and therefore a greater anaerobic capacity, whereas the LM of the Du animals with a greater amount of STO fibers is more aerobic. This assumption is partly supported by Huber et al. (2007) who showed that the diaphragm muscle, exhibiting more STO fibers, has a greater activity of the oxidative enzyme isocitrate dehydrogenase in comparison with the LM, whereas the LDH activity was clearly less, contradicting the present results. Gueguen et al. (2005) showed that the rhomboideus muscle, exhibiting more oxidative STO fibers, has more mitochondrial respiratory activity in comparison with the LM. However, the authors reported greater COX activities in the rhomboideus muscle, which was not observed in the present study. The variation between these studies and the present investigation are difficult to explain but might be due to the extreme differences of the muscle composition. Therefore, publications with pig genetics showing less obvious differences in FTG fibers should also be considered within the discussion. The studies are interesting that included stress-susceptible (MHS-positive) pigs because these animals showed greater FTG fiber percentages (Werner et al., 2010) . Ono et al. (1977) , Monin et al. (1986) , and Schwaegele et al. (1996b) showed that stress-susceptible pigs have greater GP activities than stress-resistant animals. However, Shen et al. (2007) presented comparable GP activities in postmortem LM samples. Lundstrom et al. (1989) , Fernandez et al. (2002) , and Copenhafer et al. (2006) indirectly support the present GP data as they show that the concentration of muscle glycogen decreased faster in stresssusceptible pigs. With regard to the PFK activities, the study of Shen et al. (2007) indirectly supports the present results. These authors showed greater F-2,6-P 2 concentrations within the LM of stress-susceptible pigs after slaughter. In contrast to this, Allison et al. (2003) found no differences of the PFK activities in Du and Pi pigs. Considering the LDH results, Monin et al. (1986) also found no differences in the activity between stresssusceptible and stress-resistant pigs, but Fabrega et al. (2002) presented greater LDH activity in stress-susceptible animals. In the studies of Lundstrom et al. (1989) , Fernandez et al. (2002) , Copenhafer et al. (2006) , and Shen et al. (2007) , a faster lactate increase in stresssusceptible pigs was reported, indicating a generally greater glycolytic capacity in pigs with more FTG fibers comparable with the results of the Pi pigs in the present study. Schwaegele et al. (1996a) supported this assumption, showing greater pyruvate kinase activities in muscles from stress-susceptible pigs. The activities of nearly all enzymes investigated in the present study are consistent with the greater glycolytic capacity of the Pi LM, but the LDH and COX results are inconsistent. However, considering other publications, a consistency of their results is also not apparent.
In conclusion, determination of the GP, PFK, LDH, and oxidative enzyme complex I indicates an influence of these enzymes on the muscle-to-meat transition after slaughter of the pigs, whereas an impact of the CS and COX could not be shown. With regard to the enzyme activities in the different breeds, the results show that the Pi pigs have a greater glycolytic and the Du pigs a greater oxidative capacity of the LM, but these differences have no influence on the muscle-to-meat transition with regard to the meat quality traits. However, the variation of the enzyme activities between the breeds agrees with the different muscle structure of the LM, especially the greater oxidative capacity of the Du and the greater glycolytic of the Pi muscle samples.
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